Background: Lysosomal storage disorders are a group of genetic diseases, each with a broad spectrum of clinical presentation that ranges from attenuated to severe. The immunochemical analysis of patient samples is aimed at several key aspects of patient management, including early detection of the disorder, prediction of clinical severity, determining the most appropriate therapeutic regimen, and monitoring of patients on therapy. Methods: In this study, we review the current and emerging technology available to achieve these assessments. Results: Immune assays have direct practical application for the early detection, diagnosis and prognosis of lysosomal storage disorder patients. Multiplexing of these assays may provide a platform to allow newborn screening for multiple lysosomal storage disorders. Conclusions: We have reviewed the immunochemical techniques available for the analysis of lysosomal storage disorder patient samples and advise that these may be used in conjunction with other technologies for effective patient management.
tissues, and organs. Most LSDs display a broad spectrum of clinical manifestations, which have been previously identified as clinical subtypes [such as the Hurler/Scheie definition of mucopolysaccharidosis (MPS) I and the infantile-, juvenile-, and adult-onset forms of Pompe disease]. Some of the clinical symptoms that are observed in multiple LSDs (e.g., most of the MPSs) include bone abnormalities, organomegaly, coarse hair/facies, and central nervous system (CNS) dysfunction (2 ) . At the severe end of the clinical spectrum, the onset of pathology tends to be rapid and progressive, whereas at the attenuated end, disease onset is later and progress less rapid. With the advent of molecular biology/genetics and the characterization of many of the genes associated with LSDs, it has now been recognized that the range of clinical severity may in part be ascribed to different disease-causing variations within the same gene. However, genotypephenotype correlations are not always informative (3 ) . For example, in Gaucher disease, there are sometimes substantial differences in clinical manifestation between patients with the same genotype, and in some instances, one patient has been severely affected whereas another was virtually disease free (4 ) . Other factors, including genetic background and environment, can also play a role in disease progression. The broad spectrum of clinical presentation in LSDs can make clinical diagnosis extremely difficult, taking months to years in some instances.
Therapies, such as bone marrow or hematopoietic stem-cell transplantation and enzyme replacement therapy (ERT), are currently available for several LSDs, including MPS I (5, 6 ) , MPS VI (7 ), Gaucher disease (8 ) , and Fabry disease (9, 10 ) . Furthermore, clinical trials of ERT for MPS II (11 ) and Pompe disease (12 ) are in progress. Other strategies being developed include substrate deprivation (13) (14) (15) (16) (17) , gene replacement (18 -22 ) , premature stop codon read-through (23 ) , and chemical chaperone (24 -26 ) therapies. The success of these treatment strategies in some cases (e.g., CNS pathology) may rely on the commencement of therapy before the pathology becomes irreversible. Recent progress toward newborn screening for LSDs holds promise for early detection (27) (28) (29) . However, when patients are identified presymptomatically, decisions on the best therapeutic approach to apply will be difficult in the absence of a clinical prognosis. Accurate and sensitive methods are therefore required for the prediction of clinical phenotype, particularly the predisposition to CNS pathology. This review discusses immunochemical approaches that have been used to address the need for early detection, phenotype prediction, and characterization of the disease process in patients with LSDs.
development of immunochemical tools for lysosomal proteins
A number of lysosomal proteins have been purified to homogeneity from human tissues such as the liver, placenta, and kidney (30, 31 ) . However, amounts of specific lysosomal proteins that can be obtained from tissue sources is limited, and this approach has been largely replaced by expression systems using either prokaryotic or eukaryotic cell cultures (32) (33) (34) (35) . The production of large amounts of specific lysosomal proteins in culture has enabled the purification of these proteins for applications such as ERT and antibody production.
With established methods, both monoclonal and polyclonal antibodies have been raised against a number of lysosomal proteins ( (45 ) . In contrast, antibodies that recognize discontinuous/conformational epitopes have been used for pulse-chase labeling and immune precipitation techniques to investigate protein synthesis and provide further information on the stepwise processing of lysosomal proteins (46 ) . Immunoaffinity chromatography has been used to purify lysosomal proteins of interest (45 ) and, more recently, has formed the basis of many assay systems. A specific antibody can be immobilized to a solid phase (e.g., microtiter well) and used to bind the protein from a biological mixture. The immobilized protein can then be analyzed for activity by use of a substrate (e.g., radiolabeled or fluorogenic substrate as described below) or then forms a complex with 2-napthoyltrifluoroacetone and tri-n-octylphosphine oxide present in the enhancement solution to produce a highly fluorescent molecule with a relatively long half-life, thereby enabling the use of time-resolved fluorescence detection. This approach has been less prone to problems with specificity and background reactivity because of the single antibody reagent. In addition, the Eu 3ϩ label has a greater linear range and has proved more sensitive than enzyme-linked methods (47 ) .
Antibodies have also been generated against the substrate that accumulates in LSD patients ( (50 ) , and other glycosphingolipids (51 ) . Antibodies have been used for the localization of heparan sulfate in murine models of the mucopolysaccharidoses (50 ) . Similarly, anti-G M2 and anti-G M3 antibodies were also used to colocalize gangliosides in MPS IIIA mouse tissues by use of confocal microscopy. Subsequent observations demonstrated that although G M2 and G M3 gangliosides were in the same neurons, they were located in separate populations of cytoplasmic vesicles and only partially colocalized with the primary substrate heparan sulfate. Antibodies against gangliosides as well as other glycosphingolipids have been used to investigate the cellular processes in LSDs (51 ) . Much of this work has focused on the altered trafficking and homeostatic control of these lipids within the endosomal-lysosomal system. These immunohistochemical studies have provided information on the disease process and in the future may be developed for use in LSD diagnosis/prognosis. A potential limitation is that immunohistochemistry techniques are not quantitative, but other technologies (e.g., mass spectrometry, gas chromatography, and HPLC) may allow the functional development of these disease markers.
application of immune assays
Diagnosis of LSDs. The majority of LSDs result from defects in enzymes involved in the digestion of specific substrates. Consequently, after clinical suspicion, most LSDs are diagnosed by either a decrease in or loss of enzyme activity, usually involving an artificial substrate with a fluorescent tag such as 4-methylumbelliferone, or a natural substrate in which a fragment of the biological substrate is radioactively or otherwise labeled. These assays are mostly performed on sera samples, leukocytes, or cultured skin fibroblasts. The collection and transport of cellular samples can be problematic, prompting the development of enzyme assays from dried blood spots on filter paper. This form of patient sample has the advantages of being easily collected and stored as well as being simple and inexpensive to transport. In 2001, Chamoles et al. reported a number of direct enzyme assays for LSDs performed on dried blood spots, including (54 ) , and a range of other enzymes capable of diagnosing LSDs that present with a Hurler-like phenotype (55 ). These reports were followed by the development of similar assays for ␤-glucocerebrosidase and acid sphingomyelinase (deficient in Gaucher disease and Niemann-Pick disease types A and B, respectively) (56 ), ␤-hexosaminidase (deficient in Tay-Sachs and Sandhoff diseases) (57 ) , and acid ␣-glucosidase (deficient in Pompe disease) (58 ) . Although many of these assays have proven to be reliable for the diagnosis of LSDs from dried blood spots, for some enzymes, direct assay can be problematic. With acid ␣-glucosidase, for example, other ␣-glucosidase activities, predominantly maltose glucoamylase, that are present in whole leukocytes can contribute to measured activity. A similar situation exists for some of the lysosomal sulfatases in which the fluorescent substrate 4-methylumbelliferyl sulfate can be hydrolyzed by a number of sulfatases. In direct assays, these problems have been partly addressed by selective inhibition of the unwanted activities (58 ) . However, immunecapture activity assays (Table 1 ) circumvent the need for specific substrates, because the specificity resides with the capture antibody. Such assays have been developed for N-acetylgalactosamine-4-sulfatase (deficient in MPS VI) (43 ) and acid ␣-glucosidase (59 ), enabling successful diagnosis in dried blood spots, without the problems associated with unrelated enzyme activities. Additional immune-capture activity assays have been reported for ␣-l-iduronidase (60 ), ␣-galactosidase (41 ), ␤-glucosidase (44 ) , and iduronate-2-sulfatase (61 ) . Notably, the immune-binding step in the iduronate-2-sulfatase assay had the unusual effect of allowing this enzyme, once bound to polyclonal antibody, to catabolize the 4-methylumbelliferyl sulfate substrate, whereas uncaptured iduronate-2sulfatase did not. A major limitation of immunecapture methods is the availability of antibody reagents with appropriate specificity for the enzyme. In some cases, the availability of the appropriate fluorescencelabeled or alternatively labeled substrate can also be restrictive.
Identification of Heterozygous Individuals. For most LSDs, the identification of heterozygous individuals in the population is not a high priority because the disorders are relatively rare, with carrier rates between 1:120 and Ͻ1: 1 000 (1 ). Thus, the chance of a known carrier having an affected child with a partner from the general population is small. However, for X-linked disorders (Fabry disease, MPS II, and Danon disease) carrier females have a 1:2 chance of their male children being affected. In addition, Fabry heterozygotes often develop clinical pathology requiring therapeutic intervention. Direct enzyme analysis in leukocytes is not reliable for the detection of carriers of either Fabry disease or MPS II. Although carrier information can be obtained from enzyme analysis of individual hair roots, which develop from a very small number of progenitor cells, this method is labor-intensive and is rarely offered as a diagnostic service. Molecular techniques are becoming the main method for carrier detection. In the absence of a known variation, whole gene sequencing may be required, and it is also possible that mutations in noncoding regions may be missed. An alternative approach has used a monoclonal antibody to semiquantify trihexosylceramide in cultured fibroblasts from Fabry disease patients by use of laser scanning confocal imaging (62, 63 ) : this method allowed the identification of Fabry heterozygotes and showed that ϳ50% of fibroblasts had trihexosylceramide accumulation. As an alternative to carrier detection, immune-based techniques hold promise for screening broad sections of the community, for example, to screen renal clinic patients for Fabry disease. To this end, immune quantification of ␣-galactosidase protein and activity from dried blood spots has been used to identify Fabry patients, and the combination of ␣-galactosidase protein and saposin C protein has been used to discriminate heterozygotes from controls (41 ) .
Population/Newborn Screening for LSDs. Diagnosing LSD patients can be made difficult by the broad range of clinical presentation, particularly the late-or adult-onset forms, for which symptoms are less specific and often not indicative of an LSD. There have been a number of proposals for LSD screening in high risk groups, including screening for Fabry disease in patients from renal and cardiac clinics (64 -66 ) and Danon disease in children with hypertrophic cardiomyopathy (67 ) . The use of immune assays in these screening programs could facilitate rapid, early diagnosis of affected individuals.
For many LSDs, the identification of affected individuals before the onset of what are often irreversible symptoms is likely to offer the best outcome for the patient and family. This is particularly important for those LSDs that affect the CNS or bone development. In the absence of a family history, the only practical way to diagnose individuals presymptomatically is through a newborn screening program. The immune-based and free activity assays described above have obvious application for newborn screening of LSDs with dried blood spot samples. However, the cost of screening for individual LSDs would, in most cases, be prohibitive, because the incidence rates range from ϳ1:50 000 births to Ͻ1:4 000 000 births (1 ). Screening for multiple LSD disorders in a single test could address this problem. Immune quantification assays for lysosomal membrane glycoprotein LAMP-1 (68 ) and saposin C (69 ) have been reported, and these proteins were increased in multiple LSDs (Table 1) . Although these markers were increased in the majority of patients, the amount of overlap between affected and control populations proved to be too great for a viable screening program (70 ) . Other more promising approaches to detect multiple LSDs include the mass spectrometric detection of various analytes (71 ) and the multiplex detection of lysosomal proteins (27 ) .
Immune Table 1) . These studies have shown that the amount of variant protein in the majority of LSD patient samples is low and is 0%-5% of that detected in unaffected control samples. These observations raised the possibility of using protein quantification rather than activity as the basis for a newborn screening program. The multiplexing of these protein assays has been achieved, and a recent report showed the detection of at least 11 different lysosomal proteins from a single 3-mm dried blood spot (27 ) . The analysis of these proteins from blood spots allowed the detection of all patients with the following disorders: MPS I (␣-l-iduronidase), MPS II (iduronate-2-sulfatase), MPS IIIA (sulfamidase), MPS VI (4-sulfatase), metachromatic leukodystrophy (arylsulfatase A), Niemann-Pick disease types A and B (acid sphingomyelinase), and multiple sulfatase deficiency. It also allowed the detection of most Fabry (␣-galactosidase), Pompe (␣-glucosidase), and Gaucher disease (␤-glucocerebrosidase) patients, as well as patients with I-cell disease.
A different approach, the multiplexing of enzyme activity analysis for dried blood spots, has also been reported (28 ) . Five separate enzyme reactions were performed (␣ glucosidase, ␤-glucosidase, ␣-galactosidase, ␤-galactosidase, and acid sphingomyelinase) with 5 separate 2-mm dried blood spots and a cassette of synthetic substrates and internal standards. The enzyme reaction mixtures were then combined and the buffer salts removed by use of liquid-liquid extraction followed by solid-phase extraction with silica gel. Acarbose served as an inhibitor for interfering ␣-glucosidase present in neutrophils and allowed the lysosomal enzyme implicated in Pompe disease to be selectively analyzed. Electrospray ionization-tandem mass spectrometry was used to simultaneously quantify the enzyme products (28 ) .
Whether immune quantification or mass spectrometry will ultimately form the basis of a platform for newborn screening of LSDs will await further development and Clinical Chemistry 52, No. 9, 2006 validation of these technologies. Of critical importance in the validation of such technology will be the sensitivity and specificity of the assays for each LSD. Because of the low incidence of LSDs, the number of false negatives will need to be low enough to ensure that cases are not missed. At the same time, the number of false positives must be restricted to keep the cost of the program within acceptable limits and to prevent additional testing and unnecessary counseling of the families. Pilot studies on populations with known LSD birth prevalence will be required to provide accurate details on these test limitations.
In addition to the technical issues associated with screening for LSDs, there are a number of ethical issues that will need to be resolved before newborn screening for LSDs is accepted and implemented. For some LSDs, the evidence is clear that early diagnosis and intervention before the onset of irreversible pathology will provide a substantial benefit to the newborn; however, for many LSDs there is no currently recognized therapy. The issues concerned with screening for disorders for which there is no therapy are difficult and contentious. In these cases, there must be an evaluation of the balance between potential harm and good. What then are the other potential benefits to early diagnosis? Early diagnosis will enable genetic counseling of the parents and allow them to make informed reproductive choices. In LSD families, it is not uncommon to have 2 or more affected children before the first is diagnosed. Early diagnosis, as provided by a newborn screening program, would also avoid the prolonged (months to years) and stressful process of diagnosis that is the current situation for many patients and families. These benefits are primarily directed to the family rather than the newborn, but they are nonetheless important. The critical question is whether the benefits flow on to the newborn from a family that is better informed and prepared for the disease. On the other hand, the potential harm to the parent-newborn relationship resulting from the knowledge of an incurable disorder and the concept of depriving families of a "normal" child for that period of time until the child presents clinically must be considered. This concern will be particularly relevant for those disorders for which there is an adultonset form of the disease, because the affected newborn may not present with disease for 30 years or more. These are difficult issues to define and quantify but must be addressed by the community before screening can commence. It is likely that the answers to these questions will be different for each LSD and may vary between countries and with time as new therapies are developed. Thus, the application of technology for newborn screening must be flexible and adaptable to meet these changing needs.
Prediction of Disease Severity in LSD Patients.
Although the early detection of LSD patients by a newborn screening program will offer the prospect of early intervention and better treatment outcomes, early detection also raises a number of potential problems for the patient, the family, and the clinician. Prediction of clinical severity, which is currently based on clinical presentation, will be difficult if not impossible for many patients. Consequently, selection of an appropriate therapeutic intervention will be uncertain and could put the patient at risk. For example, MPS I patients currently have the option of intravenous ERT, which is effective for somatic but probably not CNS pathology and has a low associated risk, or hematopoietic stem-cell transplantation, which has been shown to be effective in slowing or halting the progression of CNS pathology but is associated with a relatively high risk of morbidity and mortality. Selection of appropriate therapies will require an accurate prediction of disease severity and progression for each individual. When therapy is commenced, it may be necessary to assess the efficacy of treatment to tailor dose and regimen to individual patients.
For most LSDs, patients have only 1%-5% of both variant protein and residual enzyme activity compared with unaffected controls (37) (38) (39) (40) (41) (42) (43) (44) . For pathogenesis to proceed, the level of enzyme activity in the endosomelysosome system must be limiting, leading to reduced efficiency of substrate hydrolysis and consequently substrate storage. In the search for markers of pathogenesis that correlate with the clinical presentation of the patient, the amounts of variant protein, residual enzyme activity, and substrate, present as primary markers for investigation. The correlations between patient genotype, amount of variant protein/residual activity, and clinical presentation have been investigated for many LSDs. Because all of these indicators are in dynamic balance, it is expected that they may be indicative of the disease process in LSD patients.
For a number of LSDs, the amount of residual mutant protein in cell extracts has been shown to roughly correlate with the clinical severity of the patient. For example, immune-quantification assays developed for ␣-l-iduronidase (deficient in MPS I; Hurler syndrome, Scheie syndrome) and 4-sulfatase (deficient in MPS VI; Maroteaux-Lamy syndrome) were able to detect residual protein in fibroblast extracts, and the amount of mutant protein showed some correlation with clinical severity (37, 38, 72, 73 ) . A possible limitation of using just a protein detection system is for those variations that give rise to typical amounts of dysfunctional protein. For example, by use of a monoclonal antibody-based immune-quantification assay developed for the measurement of ␣-liduronidase (deficient in MPS I; Hurler syndrome, Scheie syndrome), a severely affected patient with 6 times the amount of protein found in unaffected control patients was found to have no enzyme activity (73 ) . Antibodies raised to specific structural regions of a protein can provide further insight into the structural abrogation of variant protein, potentially enabling the prediction of disease severity, and this approach has been investigated for MPS VI and MPS II patients (38, 74 ) .
The capacity of immune-capture methods to accurately measure residual enzyme activity and protein and give a measure of specific activity provides another possible way of assessing clinical phenotype in many LSD patients. This can be illustrated with the most common LSD, Gaucher disease, in which the many disease-causing variations in the ␤-glucocerebrosidase gene and complex genetics make it difficult to predict the severity of disease from patient genotype alone (75 ) . Thus, LSD patients with apparently the same genotype can exhibit quite different phenotypes (3 ) . The value of genotype-phenotype correlations in Gaucher disease is primarily in distinguishing nonneuronopathic from neuronopathic disease by the presence of an N370S allele (76 ) . Usually, the course of the disease is less progressive and has later onset in patients homozygous for N370S, although there are patients with this genotype who display severe disease. Furthermore, the L444P allele, in the absence of a "mild mutation," is nominally associated with the neuronopathic form of the disease, but homozygosity for the L444P variation is alleged to include some type 1 patients. The accurate measurement of residual ␤-glucocerebrosidase activity and variant protein in fibroblasts has been used to demarcate Gaucher patients with and without neuropathology (44 ) , although this study included only a small sample set and therefore this approach will require further validation. In addition to residual protein and activity, there are examples in which the amount of stored substrate has been shown to correlate with disease severity. Recently, the use of an immune-based assay for the quantification of keratan sulfate in MPS IVA has been reported (49 ) . An ELISA using a specific monoclonal antibody to keratan sulfate was developed for the analysis of blood and urine specimens from MPS IVA patients and age-matched controls. A 2-8-fold increase in the amount of circulating keratan sulfate was observed for MPS IVA patients compared with controls, as was a 6 -7-fold increase in urine. Moreover, there was a correlation between disease severity and the amount of keratan sulfate in blood and urine (49, 77 ) , suggesting that this method may be useful for longitudinal assessment of disease severity. The immune quantification of ceramide trihexoside in cultured fibroblasts with laser scanning confocal microscopy has also been used to differentiate the classical and variant forms of Fabry disease based on the degree of storage (63 ) . To some extent, the analysis of substrates for certain disorders can be limited by tissue-restricted and intraorgan patterns of substrate accumulation. In addition, there are also only a limited number of available immunochemical markers for substrate.
From the combined studies above, it is evident that there is a very narrow range of enzyme activity and, in most cases, immune-detected protein, which is responsible for the broad spectrum of clinical phenotypes in LSD patients. The correlation of clinical severity with these markers can therefore be useful but is often not absolute. Similarly, genotype can be informative in some cases, particularly for severe deletion or nonsense mutations, and the amount of stored substrate can also provide information on disease severity. However, the prediction of clinical severity with a single marker is, in practice, somewhat limited, and there is a need for combined marker analysis to discriminate between different patients within the spectrum of clinical phenotypes identified for each disorder. A combined marker study has recently been reported for MPS I patients, in which immunedetectable protein and activity were partially predictive of clinical severity, but the inclusion of substrate markers detected by mass spectrometry enabled further patient discrimination and was predictive of the onset of neuropathology (60 ) . In many LSDs, a combination of markers will probably be needed to elucidate the complex pathophysiology that is characteristic of these disorders.
characterization of the disease process
The primary defect in most LSDs is a gene mutation leading to a deficiency of a specific lysosomal enzyme activity. However, additional cellular processes can have a major effect on the clinical phenotype within each disorder. Thus, the lysosomal dysfunction resulting from the primary enzyme defect and the subsequent lysosomal storage can lead to many secondary changes in cell metabolism as part of the pathogenic process. The aberrations in lysosomal biogenesis and function in LSDs offer additional markers that may not be directly related to the primary defect but may still be predictive of disease severity. To this end, analysis of lysosomal biogenesis may be useful for both specific patient characterization and the identification of markers that predict clinical severity and disease progression.
Markers of Lysosomal Biogenesis. Lysosomal biogenesis involves the biosynthesis, processing, vesicular traffic, and incorporation of resident proteins into the endosomelysosome system, together with their continuous recycling and replacement. All points in the process of endosome-lysosome biogenesis and function are potentially susceptible to the effects of mutations leading to genetic disease. Moreover, mutations in the coding sequence of a lysosomal hydrolase may alter the way it interacts with this complex processing machinery. The altered degradative capacity of the endosome-lysosome system, as a result of a primary enzyme deficiency, has the capacity to impact both the dynamic flux between different vesicular compartments in the endosomelysosome network and the static composition of these compartments.
Proof of the concept that markers of lysosomal biogenesis can be used to detect an LSD and are altered in response to lysosomal storage has been demonstrated for the lysosomal associated membrane proteins, LAMP-1 (68 ) and LAMP-2 (78 ) . Increases in the amount of lysosomal membrane proteins are thought to reflect a common feature in LSDs, the distension of the endosomeClinical Chemistry 52, No. 9, 2006 lysosome compartments by the accumulation of undegraded substrate. Pilot studies have shown that the amounts of LAMP are indicative of an LSD in many but not all patients (70 ) . It is now evident that each LSD has a different effect on the composition of endosomelysosome compartments.
Secondary Markers of Lysosomal Dysfunction. In Gaucher disease, several different markers have been evaluated to predict disease severity and monitor clinical progression. The chemokine CCL18, which reflects the amount of macrophage activation, and chitotriosidase are both indicative of disease severity and the response of Gaucher patients to ERT. Although chitotriosidase can be determined in an activity assay (79 ) , the use of this marker is limited because of the presence of homozygosity for a null allele in ϳ6% of patients (80 ) . This limitation must be balanced against the availability of an immune-quantification assay for the chemokine CCL18 (79 ) . A clinical evaluation of these markers has provided strong evidence of their value in patient assessment and monitoring in a therapeutic setting. Clearly, secondary markers for other LSDs are required, and immune-based methods provide one way of achieving this objective.
From these studies, it is clear that biomarkers other than the defective enzyme/protein have the potential to reflect disease severity. The multiplexing of a range of lysosomal markers, including both the functional and structural components of the endosome-lysosome system, could reflect the pathological impact of an LSD and allow the prediction of clinical severity. Although this approach is in its infancy, it may help to resolve some of the problems associated with clinical phenotype prediction.
